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Two myelin basic protein kinases designated MBPK1 and MBPK-2 were purified to apparent homogeneity
from extracts of bovine kidney cortex. The purified
preparations exhibited an apparent M, = 40,000 by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and -42,000 (MBPK-1) and 45,000 (MBPK-2)
by gel permeation chromatography. Up to 0.4 and 1.8
mol of phosphoryl groups were incorporated per mol
of MBPK-1 and MBPK-2, respectively, on threonines
following incubation with ATP. Autophosphorylation,
incubation with protein phosphatase 2AZ (PP2Az),
CD45, or T-cell protein tyrosine phosphatase did not
affect MBPK- 1 activity. Autophosphorylation increased by about %fold MBPK-2 activity. This autophosphorylation and activation
was
reversed
by
PP2Az butnotby
CD45 or T-cell protein tyrosine
phosphatase. MBPK-1 and MBPK-2 displayed a positive reaction with an antibody to mitogen-activated
protein kinase. Purified preparations of protamine kinasewere activated byabout 1.5-6-fold and, after
inactivation with PP2Az, were reactivated by about
30%by MBPK-1 and MBPK-2. Activation and reactivation correlated with the incorporation, respectively,
of 0.1-0.5 and 0.5 mol ofphosphoryl groups/mol ofthe
protamine kinase on serines. The results show that
MBPK- 1 and MBPK-2 are protamine kinase-activating kinases and suggest that MBPK-1 and MBPK-2
may berelated to mitogen-activated protein kinase.

Mitogen-activatedprotein kinase (MAP kinase)’ represents
a family of protein serine/threoninekinases (1-6) that exhibit
an apparent M, = 40,000-48,000 (7-12). These kinases are
activated as arapidintracellularresponse
to a variety of
extracellular signals including insulin, epidermal growth factor, platelet-derived growth factor, fetal growth factor, nerve
growth factor, interleukin-1, and phorbol esters (1-12). This
activation is unusualbecause it proceeds via phosphorylation
of MAP kinase on tyrosine (e.g. 13-15) and either (e.g. 13* This workwas supported by Grant DMB-9019882 from the
National Science Foundation. The costs of publication of this article
were defrayed in part by the payment of page charges. This article
must therefore be hereby marked “aduertisement” in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.
$ To whom correspondence should be addressed Dept. of Biological
Sciences, CLS 601, University of South Carolina, Columbia, SC
29208. Tel.: 803-777-6506.
The abbreviations used are: MAP kinase, mitogen-activated protein kinase/microtubule-associatedprotein-2 kinase; PPZA, protein
phosphatase 2A MBP, myelin basic protein; MBPK-1, myelin basic
protein kinase-1; MBPK-2, myelin basic protein kinase-2; PAGE,
polyacrylamide gel electrophoresis; PTPase, protein tyrosine phosphatase; cpm, counts/minute.

15) or both (10) threonine and serine residues. In mitogentreated cells, phosphorylation of MAP kinase on tyrosines
and threonines appears tobe catalyzed by an enzyme termed
MAP kinase kinase (16-18) which itself appears to be activated by the serine threonineRaf-1 kinase (19, 20). One
function of MAP kinase may be to trigger the phosphorylation
and activation of other protein kinases. This possibility is
indicated by the observations that MAP kinase phosphorylated andactivated purified preparations of a distinct insulinand mitogen-activated ribosomal protein S6 kinase of apparent M , = 90,000 (21) and a newglycogen synthase kinase
composed of two polypeptides of apparent M , = 60,000 and
53,000 (22).
The major cytosolic protamine kinase in bovine kidney is a
distinct enzyme of apparent M , = 45,000 (23). In uitro, this
enzyme acts on protein synthesis initiation
factor 4E (24) and
ribosomal protein S6 (25). Insulin stimulated the activity of
the protamine kinase in isolated rat hepatocytes (26). Thus,
this enzyme could contribute to the insulin-stimulatedphosphorylation of initiation factor4E (27, 28) and ribosomal
protein S6 (29-31). The protamine kinase itself appeared to
be regulated by phosphorylation. Thus, following incubation
with PPBA, purified preparations of the protamine kinase
were inactivated (32, 33). By contrast, purified preparations
of other protein phosphatases
including the major cytoplasmic
protein serine/threonine phosphatases protein phosphatase
1, protein phosphatase 2B, and protein phosphatase2C were
without effect on protamine kinase activity (33). These observations indicated thatPP2A was a specific protamine
kinase-inactivating phosphatase (33). However, information
on protamine kinase-activating kinases has been lacking.
Based on similarities in the kinetics of insulin stimulation,
the protaminekinase and MAP kinase may also be linked in
a cascade (26, 32). To examine this possibility, we set out to
purify MAP kinase frombovine kidney, the tissue source used
to purify the protamine kinase. We employed MBP as substrate (34) and as described earlier (7, 8, 10, 35), chromatography on phenyl-Sepharose was employed to remove other
MBP kinases. Two peaksof MBP kinase designated MBPK1 and MBPK-2 were resolved by chromatography on protamine-agarose. In this paper, we describe the purification of
MBPK-1 and MBPK-2 to apparent homogeneity and show
that theseenzymes phosphorylate and activate the protamine
kinase. However, although MBPK-1 and MBPK-2 reacted
with an antibody that recognizes the MAP kinases ERK-1
and ERK-2 (11,12), other
properties of MBPK-1 and MBPK2 distinguish these enzymes from MAP kinases.
EXPERIMENTALPROCEDURES

Materials-Mouse anti-MAP kinase monoclonal antibody generated to a peptide derived from a 21 amino acid sequence (residues
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Protein was determined as described (43). SDS-PAGE was per325-345) of ERK-1 and ERK-2
(11,121 was from Zymed corp. Mouse
anti-phosphotyrosine monoclonal antibody, the synthetic peptide in- formed in slab gels (12% acrylamide) with 0.1% sodium dodecyl
hibitor of protein kinase C (RFARKGALRQKNV), the src family sulfate and Tris/glycine buffer, pH 8.3 (41).Proteinbands were
protein tyrosine kinase p56"', and the rabbit anti-S6 kinase poly- detected by staining with Coomassie Blue or silver (44). Radioactive
clonal antibody which recognizes the 70- (36) and 90-kDa (37) S6 bands were located with Kodak X-Omat AR-5 film.
Phosphoamino Acid Analysis-Radiolabeled MBPK-1 and MBPKkinase varieties, were form Upstate Biotechnology Inc. A preparation
of mouse anti-phosphotyrosine monoclonal antibody was also ob- 2 were electrophoretically transferred onto ImmobilonTM-Ptransfer
tained from ICN Biochemicals. Goat anti-mouse and anti-rabbitIgG membranes after SDS-PAGE. The radiolabeled bands were identified
were from Bio-Rad. Phenyl-Sepharose, proteinA-Sepharose, and the by autoradiography, excised from the membranes, and hydrolyzed
synthetic peptide inhibitor of protein kinase A (TTYADFIAS- with 6 N HC1 at 100 "C for 1 h. The samples were speed-vacuum
GRTGRRNAIHD) were from Sigma. Histone H1, histone H2A, dried, washed with H20, redried, resuspended in HzO, spotted onto
histone H2B, histone H3, and histone H4 were from Boehringer Whatman KC2-ethyl reverse-phase thin layer chromatography
Mannheim. Protamine kinase (23), PP2A2 (331, and MBP (38) were plates, and subjected to ascending chromatography in 80% methanol,
purified to apparent homogeneity as described. The PTPase CD45 1.5% acetic acid, and 0.5% formic acid. Phosphoserine, phosphothre(39) and T-cell PTPase (40) were a gift from Dr. Edmond H. Fischer onine, and phosphotyrosine standards were spotted on the same plate
(University of Washington, Seattle). A preparation of T-cell PTPase and subjected to ascending chromatography alongside the sample.
Radiolabeled phosphoamino acids were detected by autoradiography
was also obtained from Dr. Nicholas Tonks (Cold Spring Harbor
Laboratories, Cold Spring Harbor, NY). Other materials aregiven in and thephosphoamino acid standards by staining with ninhydrin.
Western Blotting-After SDS-PAGE(41),MBPK-1,
MBPK-2,
Refs. 23, 24, and 32.
Determination of MBP Kinase Actiuity-The assay mixture (0.05 and protamine kinase were electrophoretically transferred onto
ml) contained 50 mM Tris-chloride, pH 7.0, 10% glycerol, 0.175 mg ImmobilonTM-P.The strips were then incubated for 30 min at room
of bovine serum albumin, 1 mM benzamidine, 0.1 mM phenylmeth- temperature in Tris-saline buffer (20 mM Tris-chloride, pH 7.5, and
ylsulfonyl fluoride, 14 mM (3-mercaptoethanol, 0.05 mg of MBP, 0.2 0.5 M NaCI) containing 3% bovine serum albumin followed by three
mM [Y-~'P]ATP(1000 cpm/pmol), 10 mMMgC12, and kinase sample. washes with the Tris-saline buffer for 15 min. After incubation with
The ATP and MgCI, were added after equilibration of the mixture the indicated antibody for 1 h in the same buffer, the strips were
for 5 min at 30 "C in a plastic microcentrifuge tube. After a 10-min washed three times with the Tris-saline buffer containing 0.1% bovine
reaction period, 1 ml of 12% trichloroacetic acid was added, and the serum albumin and then incubated with goat anti-mouse or antimixture was centrifuged at 15,000 X g ina microcentrifuge. The rabbit IgG for 1 h at room temperature. After washing with Trissupernatant fluid was discarded, and thepellet was washed five times saline buffer containing 0.1% bovine serum albumin, the strips were
with 1-ml portions of trichloroacetic acid. Aqueous counting scintil- stained with p-nitroblue tetrazolium chloride (0.3 mg/ml) and 5lant was added to the tube, and the radioactivity was determined. bromo-4-chloro-3-indoyl phosphate (0.15 mg/ml) in 50 mM sodium
Kinase sample was omitted from control incubations. One unit of bicarbonate, pH 9.8, 100 mM NaC1, and 5 mM MgCI,. Control strips
MBP kinase activity was defined as the amount of enzyme that were incubated in the absence of primary antibody. Immunoprecipiincorporated 1 nmol of phosphoryl groups into MBP/min. To ensure tation of MBPK-1 andMBPK-2 with the anti-MAPkinase antibody
linearity, the extent of phosphoryl group incorporation was limited was performed with protein A-Sepharose beads as recommended by
to 4 0 0 pmol. In experiments to determine the effect of incubation the manufacturer.
Purification of MBPK-1 and MBPK-2-A11 operations were perwith PP2Az on the activities MBPK-1and MBPK-2, the PP2A
) included in the assay mixtures
inhibitor microcystin-LR (4 p ~ was
formed at 2-5 "C. Bovine kidney cortex was homogenizedin aWaring
to prevent dephosphorylation of MBP.
blender at high setting for 1 min with 2 volumes of buffer A (25 mM
The activities of MBPK-1 and MBPK-2with histone H1, histone Tris-chloride, pH 7.4, containing 1 mM EDTA, 1 mM benzamidine,
H2A, histone H2B, histone H3, histone H4, casein, phosvitin, glyco- 0.1 mM phenylmethylsulfonyl fluoride, and 14 mM P-mercaptoethagen synthase a, and phosphorylase b were performed as described nol). The homogenate was centrifuged for 30 min at 14,000 X g in a
above, except that sample buffer (41) was added to terminate the
Beckman JA-10 rotor. The pH of thesupernatant (step 1) was
reactions. The mixtures were heated at 100 "C for 5 min and then
adjusted to 7.4 with a 1 M solution of NaOH and then 0.14 volume of
subjected to SDS-PAGE (41). The gels were stained with Coomassie 50% (w/v) polyethylene glycol was added with stirring. After 30 min,
Blue, washed extensively, dried, and exposed to x-ray film. Radiola- the mixture was centrifuged, and the pellets were discarded. The
beled proteins were cut out from the gels immersed in scintillant, and supernatant was applied at a flow rate of 4 liters/h onto a sintered
the radioactivity was determined.
glass funnel containing DEAE-cellulose (14 X 10 cm) equilibrated in
Autophosphorylation-Purified preparations of MBPK-1
and
buffer B (buffer A containing 10% glycerol). The DEAE-cellulosewas
MBPK-2 were incubated in the presence of 1mM MgClz and 0.2 mM washed with 4 liters of buffer B containing 0.05 M NaCl in 1 h under
[Y-~'P]ATP
(10,000cpm/pmol) in 50 mM Tris-chloride, pH7.0, buffer mild suction. The column was then washed with buffer B containing
Containing 10% glycerol, 1 mM benzamidine, 0.1 mM phenylmethyl- 0.3 M NaCI, and the eluate from this step (step 2) was diluted with 5
sulfonyl fluoride, and 14 mM P-mercaptoethanol. At the indicated volumes of a solution containing 1 mM EDTA, 1 mM benzamidine,
times, sample buffer (41) was added to the incubations, and the
0.1 mM phenylmethylsulfonyl fluoride, and 14 mM P-mercaptoethamixtures were heated for 5 min at 100 "C. Following SDS-PAGE, the nol. This solution was then applied ontoasintered
glass funnel
gels (12% acrylamide) were washed extensively, dried, and exposed containing Q-Sepharose (10 X 5.5 cm) equilibrated in buffer B. This
to x-ray film. Radiolabeled MBPK-1 and MBPK-2
were cut out from column was first washed with 2 liters of buffer B and thenwith -800
the gels immersed in scintillant and counted.
ml of buffer B containing 0.5 M NaCl under mild suction. The 0.5 M
TO determine the effect of autophosphorylation on activity, the NaCl eluate (step 3)was applied onto a sinteredglass funnel containincubations were performed as described above in the absence of [y- ing phenyl-Sepharose (8.5 X 4.5 cm) equilibrated in buffer B contain32P]ATP andin the absence and presence of 0.2 mM ATP and 1 mM ing 0.25 M NaCl. The column was washed with 10 liters of buffer B
MgC12. After incubation at 30 "C, MBP kinase activity was deter- containing 0.25 M NaCI, and the MBP kinase activity which bound
mined as described above with a 0.005-ml aliquot of the mixtures.
to phenyl-Sepharose was then eluted with buffer C (25 mM TrisDetermination of Protamine Kinase Activity-Protamine kinase chloride, pH 7.3, 65% ethylene glycol, 0.1% Triton X-100, 1 mM
activity was determined as described above for MBP kinase except benzamidine, 0.1 mM phenylmethylsulfonyl fluoride, 0.025 M NaCI,
that 0.2 mM [T-~'P]ATP(200 cpm/pmol) was employed and prota- and 14 mM 6-mercaptoethanol). The active fractions (step 4) were
mine sulfate (0.5 mg) replaced MBP in the assay mixtures. One unit pooled diluted with 3 volumes of buffer B and applied onto a column
of protamine kinase activity was defined as the amount of enzyme (2.5 X 12 cm) of protamine-agarose equilibrated in buffer B. The
that incorporated 1 nmol of phosphoryl groups into protamine SUI- column was washed with 1 liter of buffer B containing 0.1 M NaCl
fate/min. To ensure linearity the extent of phosphoryl group incor- and then developed with a 1500-ml linear gradient from 0.1-0.6 M
poration was limited to <1 nmol.
NaCl. The active fractions eluting at about 0.2 M NaCl (MBPK-1)
Determination of PP2A Acti~ity-~~P-Labeled MBP
was prepared and at about 0.4 M NaCl (MBPK-2) were pooled separately (step 5)
by incubation with protamine kinase (42), and PPBA, activity was and diluted with 5 volumes of buffer B (Fig. 1).Each solution was
determined as described (42). One unit of PP2A activity was defined then applied onto aseparate column (2.5 X 8 cm) of poly(~-lyas the amount of PP2A that released 1 nmol of phosphoryl groups/
sine)agarose equilibrated in buffer B. The columns were washed with
min from 32P-labeledMBP. One unit of PTPase activity was equiv- 1 liter of buffer B containing 0.1 M NaCl and then developed with an
alent to the amount of enzyme that released 1 nmol of phosphoryl 800-ml linear gradient from 0.1-0.6 M NaC1. The active fractions
groups/min from 3ZP-labeledlysozyme (39, 40).
eluting at about 0.25 M NaCl (MBPK-1) and0.4 M NaCl (MBPK-2)
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FIG. 1. Protamine-agarose chromatography. The
solution
from

1.2

t

10.16

phenyl-Sepharose (step 4, Table I) was
diluted with 3 volumes of buffer B and
then applied onto a column (2 X 8 cm)
of protamine-agarose
equilibrated
in
buffer B. The column was washed with
1 liter of buffer B containing 0.1 M NaCl
and thendeveloped with a1500-ml linear
gradient from 0.1 to 0.6 M NaCl (dashed
line). The flow rate was 30 ml/h and 6.25
ml fractions were collected. MBP kinase
activity (0)was determined asdescribed
under “Experimental Procedures.” The
absorbance a t 595 nm (0)was determined according to Bradford (43) using
5-11 aliquots. The bars indicate the fractions (40-80, MBPK-1; 100-130,
MBPK-2) that were pooled and purified
further as described in the text.
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Fraction number
were combined separately (step 6), and each pool was then applied
TABLE
I
onto a separate column (2X 10 cm) of phenyl-Sepharose equilibrated
Purification of MBPK-I and MBPK-2
in buffer B containing 0.25 M NaCI. Each column was washed with
2 kg of kidney cortex was used.
~
_
_
300 ml of this buffer and thendeveloped with a 300-ml linear gradient ______
from buffer B containing 0.25 M NaCl to buffer C. The activities of
Step
Volume
Protein
‘pecific
activity
MBPK-1 and MBPK-2 were eluted a t about 25 and 30% ethylene
_____
glycol, respectively. Active fractions
containing
MBPK-1
and
rnl
rng
unitslrng
9%
MBPK-2 were pooled separately (step 7), diluted with 5 volumes of
1. Extract
4,500 119,000
buffer B and then each solution was applied onto a separate column
2. DEAE-cellulose
1,200 26,400
(1.8 X 3 cm) of Cm-Sepharose equilibrated with
buffer B. The columns
3. Q-Sepharose
600 13,800
were washed with 200 ml of buffer B, and the effluent from each
4. Phenyl-Sepharose”
800
1,080
0.8
100
column was applied ontoa separate column of protamine-agarose (1.8
X 3 cm) equilibrated in buffer B. Each protamine-agarose column
5. Protamine-agarose
was washed with 50 ml of buffer B, and MBPK-1 and MBPK-2
were
MBPK-1 (a)
288
135
27
1.7
recovered with bufferB containing 1.0 M NaCI. Active fractions
MBPK-2 (b)
250
35
5.6
22
containing MBPK-1 and MBPK-2
were combined separately(=2
6. Poly(L-lysine)-agarose
ml), andeach pool was applied onto a separate calibrated column(2.5
(a) MBPK-1
38
145
4.6
20
X 95 cm) of Sephacryl S-200 equilibrated and developed in buffer MBPK-2
B
(b)
10
175
13.2
15
containing 0.2 M NaCl and 0.1% Triton X-100. The active fractions
7. Phenyl-Sepharose
from each column (eachabout 18 ml) were pooled (step 8) and
MBPK-1 (a)
105
4.4
32
16
concentrated separately on a small column (1 X 2 cm) of protamine(b) MBPK-2
112
1.7
55
11
agarose as described above. Active fractions containing MBPK-1 and 8. Sephacryl S-200
MBPK-2 were pooled separately, and then each pool was dialyzed
MBPK-1 (a)
18304
0.25’
9
overnight with three changes against20 volumes of buffer B and then
MBPK-2(b)
18
0.06* 1,120
8
for 6 h against 20 volumes of buffer B containing 50% glycerol. The
”
T
h
e
combined
activities
of
MBPK-1
and
MBPK-2
are
shown.
solutions were then aliquoted and stored at -20 “C. A summary of
This could not be determined accurately prior to this step
because of
the purification is presented in Table I.
Homogeneity and Composition-Purified preparations of MBPK-1 the presence of other MBP kinases.
Protein was determined after concentrating the solution
on protand MBPK-2 exhibited an apparent M , = 40,000 as determined by
amine-agarose as described in the text.
SDS-PAGE (Fig. 2). MBPK-1 and MBPK-2 exhibited an apparent
M, = 42,000 and 45,000, respectively, as determinedby gel permeation
chromatography on Sephacryl S-200 (Fig. 2). The purification proextent of autophosphorylation of MBPK-1 or MBPK-2 (not
cedurehas beenemployedsuccessfully
12 times. In three of the
shown). Phosphoamino acid analysis of six different prepapurified preparations of MBPK-1 and MBPK-2, a minor protein
contaminant (about 5%) of apparent M, = 60,000 was detected by rations showed that autophosphorylation of MBPK-1 and
silver staining (44). This protein was not phosphorylated when au- MBPK-2 occurred on threonine residues (e.g. Fig. 4). Similar
tophosphorylation was examined.
results were obtained when the proteintyrosine phosphatase

inhibitors sodium vanadate (0.2 mM) or ammonium molybdate (40 g ~ were
) included in the autophosphorylation reacAutophosphorylation-Up to 0.4 and 1.8 mol of phosphoryl tions.
Autophosphorylation had little effect, if any, on the activity
groups was incorporated per mol of MBPK-1 and MBPK-2,
respectively, following incubation of the purified preparations of MBPK-1 with MBP (Fig. 3), histone H1, histone HZA, and
with Mg2+ (1 mM) and [y-32P]ATP (0.2 mM) (Fig. 3). The histone H2B as substrates. Incubationwith PP2A2, CD45, or
optimal concentration for Mg2+for this reaction was 1 mM. T-cell PTPase had little effect, if any, on MBPK-1 activity
At 10 mM Mg2+, autophosphorylationwas inhibited by about before or after autophosphorylation (Fig. 5A). Autophosphor40%. In the
presence of 1or 10 mM M$+, 2 mM Mn2+ inhibited ylation of MBPK-1 was reversed, however, by incubation with
the rate of autophosphorylation also by about 40%. Sodium PP2Az but notwith CD45 or with T-cell PTPase (Fig. 5C).
Autophosphorylation was accompanied by a -3-fold invanadate (0.2 mM), ammonium molybdate (40 gM), or microcrease in the activity of MBPK-2 with MBP (Fig. 3 ) , histone
) little or no effect on the rate and
cystin-LR (0.4 g ~ had
RESULTS
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FIG. 2. Gel permeationchromatography of MBPK-1 and

FIG. 3. Autophosphorylation of MBPK-1 and MBPK-2.
Highly purified preparations of MRPK-1 (panel A ) and MHPK-2
(panel H ) each at 0.5 pg, were incubated in the absence (0)
and
presence ( 0 )of 1 mM MgC1, and 0.2 mM ATP in 25 mM Tris-chloride,
pH 7.0 buffer, containing 10% glycerol, 1 mM henzamidine, 0.1 mM
phenylmethylsulfonyl fluoride, and 14 mM (j-mercaptoethanol. At the
indicated times, a 5-pl aliquot of the incubations was assayed for
MRP kinase activity as described under “Experimental Procedures.”
Parallel incubations were performed as described above except that
0.2 mM [y-’”PIATP (10,000 cpm/pmol) was employed. At the indicated times, samplebuffer (41) was added to the incubations, and the
mixtures were heated for 5 min a t 100 “C. Following SDS-PAGE, the
gels (12% acrylamide) were washed extensively, dried, and exposed
to x-ray film. Radiolabeled MRPK-1 and MRPK-2were cut out from
the gels immersed in scintillant and counted. The
closed triangles
indicate the calculated stoichiometry
of phosphorylation.

MBPK-2 on Sephacryl S-200.The eluatefrom phenyl-Sepharose
(step 7 , Tahle I ) was concentrated on a small column of protamineagarose as described in the text. The active fractions (-2-3 ml) of
MBPK-1 (panel A ) and MBPK-2(panel R ) were combined, and each
pool was then applied onto a calihrated column (2.5 X 95 cm) of
Sephacryl S-200 equilibrated and developed in buffer B containing
Y
0.2 M NaCl and 0.1% Triton X-100. Fractions of 1.8 ml were collected.
Kinase activity(0)was determined as described under “Experimental
Procedures.” The ahsorhancea t 595 nm (0)was determined according
S
to Bradford (43)using 50-pI aliquots. The flow rate was 20 ml/h. The
bars indicate the fractions that were pooled. The protein standards
werebovine serum albumin, ovalbumin, and
ribonuclease. V, was
determined with ferritin and V , with FMN. Panel C shows the SDSFIG. 4. Phosphoamino acid analysis. Highly purified preparaPAGE pattern of 6 pg of MBPK-1 (lane I ) and MBPK-2 (lane 2)
tions of MRPK-I (left lane)and MHPK-2 (right lane) were incuhated
from Sephacryl S-200 after concentration on protamine-agarose
as
described in the text. Thegel was stained with Coomassie Rlue. The with [ y - V J A T P for 5 h as described in the legend to Fig. 3. After
position of markerproteins M, X
from top to bottom is phos- hydrolysis with 6 N HCI at 110 “C for 1 h, and chromatography as
described under “Experimental Procedures,” the thin layer chromaphorylase,bovine serum albumin, ovalbumin, carbonic anhydrase,
tographyplates were exposed to x-ray film. The figure shows an
and trypsin inhihitor.
autoradiogram of the plates. The position of the phosphoserine ( S ) ,
phosphothreonine (7’). and phosphotyrosine ( Y ) standards is indiH1, histone H2A, and histone H2B as substrates. Incubation cated in the center lane. Similarresults were obtained with six
with PP2A2 dephosphorylated and reversed the activation of different preparations of MRPK-1 and MRPK-2.

a T .

MBPK-2 (Fig. 5, B and D). This effect of PP2A2 was prevented when the incubationswere performed in the presence
of microcystin-LR (0.04-4 p M ) or ATP (0.2 mM). Autophosphorylation and activation of MBPK-2 were unaffected by
CD45 and T-cell PTPase
(Fig. 5, B and D ) and prior to
autophosphorylation, PP2A2, CD45, and T-cell PTPase had

little effect, if any, on the activity
of MBPK-2 (Fig. 5B).
MBPK-1andMBPK-2exhibitedlittle
or no reaction by
Western blotting with anti-phosphotyrosine antibodies
before
or after autophosphorylation (not shown). Beyond the level
contributed by the individual enzymes, there was little or no
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FIG. 5. Effect of protein phosphatases. Purified preparations
of MBPK-1 (panel A ) and MHPK-2 (panel R ) were incuhated as
shown in the ahsence and presenceof 0.2 mM ATP and 1 mM M&I,
as described in the legend to Fig. 3. After 5 h a t 30 "C, a 0.005-ml
aliquot of the mixtures were incubated for a further 30 min in 50 mM
Tris-chloride, pH 7.0, huffer containing 10% glycerol, 1 mM henzamidine, 0.1 mM phenylmethylsulfonyl fluoride, and 14 mM ij-mercaptoethanol in the ahsence or presence of PP2A2 (0.1 unit), CD45
(1.5 units), or T-cell PTPase ( 2 units) as shown in a final volume of
0.05 ml. MBP kinase activity was then determined with a 0.005-ml
aliquot as described under "Experimental Procedures." In a parallel
experiment, MBPK-1 and MBPK-2 were incuhated in the presence
of 0.2 mM [y-:"P]ATP and 1 mM MgCI, also for 5 h as described in
the legend to Fig. 3. A 0.005-ml aliquot of the incuhations was then
incubated as described ahove in the ahsence or presence of PPZA,,
CD45, or T-cell PTPase as shown. After 30 min, sample buffer (41)
was added to the incuhations, the mixtureswere heated at 1 0 0 "C for
5 min. and SDS-PAGEwas performed. The gel (12% acrylamide)was
stained with Coomassie Blue, washed extensively, dried, andexposed
to x-ray film. Panels C (MBPK-1) and D (MRPK-2) show autoradiograms of the dried gels. Similarresults were ohtained when the
kinases were incuhated with the phosphatase preparations for 2 h a t
30 "C (data not shown). Thespecific activityof MBPK-1 and MRPK2 employed in these experiments was 150 and TO0 units/mg, respectively.

increase in total MBP kinase activity and extent
of phosphorylation when MBPK-1andMBPK-2
were incubated
together in the presence of ATP for up to 6 h at 30 "C (data
not shown).
Reaction with MAP Kinase Antibody-Purified prepara-

tions of MBPK-1 and MBPK-2 reacted with the monoclonal
antibody to MAP kinase(Fig. 6). Reaction with MBPK-1 and
MBPK-2 was observed with 2 p g of this antibody. This is the
recommended concentration of the antibodyfor the detection
of the MAP kinases termed ERK-1 and ERK-2 (11, 12). At
this concentration, purified preparations of the protamine
kinase did not react with this antibody. Purified preparations
of MBPK-1,MBPK-2,andtheprotamine
kinase did not
react with the S6 kinase antibody. Western blottingwith the
anti-MAP kinase antibodyof freshly prepared bovine kidney
extracts side by side with the purified MBPK-1 and MBPK2 indicated that the apparent M, of these enzymes was not
altered during the purification (not shown).
Catal-vtic Properties-Relative to MBP, purified preparations of MBPK-1 exhibited <0.1, 87, 30, 100, 5 , 1, 1, 1, <0.1,
and < O . l C activity with protamine sulfate, histone H1, histone H2A, histoneH2B,histone
H3, histone H4, casein,
phosvitin, glycogen synthase a, and phosphorylase b, respectively. Relative to MBP, purified preparations of MBPK-2
exhibited <0.1, 24, 87, 100, 5 , 1, <0.1, 0.1, <0.1, and <0.1%
activity, respectively,with protaminesulfate,histone
H1,
histone H2A, histone H2B, histone H3, histone H4, casein,
phosvitin, glycogen synthase a, and phosphorylase b, respectively.
Autophosphorylation of MBPK-1 and MBPK-2 and the
activities of these enzymes with MBP, histone H1, histone
H2A, andhistoneH2Bassubstrates
were unaffected by
CAMP (0.1 mM), cGMP (0.1 mM), heparin (up to 50 pg/ml),
EGTA (1mM), Ca'+ (up to0.5 mM) in the absenceor presence
of phosphatidylserine (40 pg/ml), or calmodulin (1 p M ) . Autophosphorylation of MBPK-1 and MBPK-2 and the activities of these enzymes with MBP, histone H1, histone H2A,
and histone H2B as substrates were also unaffected by the
synthetic peptide inhibitors of protein kinase A (TTYADC (RFARKFIASGRTGRRNAIHD)andproteinkinase
GALRQKNV) (each at 10 pg/ml).
Phosphoplationand Activation of Protamine Kinase by
MBPK-1 and MBPK-2"Incubation with the purified preparations of MBPK-1 and MBPK-2
resulted in the phosphorylation and activation of the protamine kinase(Fig. 7 ) . The
specific activity of the purified preparations of the protamine
kinase employed in this studyranged from 4,500-18,000 units/
mg. The extent of phosphorylation and activation of these
preparations correlated inversely with the specific activity of
the protamine kinase preparations. Thus, following incubation with MBPK-1 and MBPK-2, preparationsof the protamine kinase exhibitinglower specific activities were activated
to a higher degree and phosphorylated to a higher stoichiometry than preparations exhibiting higher specific activities.
The range of activation was 1.5-5-fold, and the extent of
phosphoryl group incorporation was 0.1-0.5 mol of phosphoryl
groups incorporated per mol of the purified preparations of

+-

1

2

FIG. 6. Western blotting with anti-MAP kinase antibody.
Purified MHPK-1 (lane I ) and MHPK-2 (lane 2) each at 5 pg were
subjected to Western hlottingwith the monoclonal antibody to MAP
kinase as described under"Experimental Procedures.'' The arrow
denotes the positions of the hands corresponding to MBPK-1 and
MBPK-2. Control strips incuhated
in the ahsenceof anti-MAP kinase
antibody showed no reaction (data not shown).
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1and MBPK-2 from extracts of bovine kidneycortex (Table
I andFig. 2). In addition, we showed that the purified prepa250 rations of MBPK-1 and MBPK-2 phosphorylated and actiY
vated purified preparations of the protamine kinase (Fig. 7).
i
:200 Together with previous observations (26), the results suggest
that the mechanism by which insulin stimulated the prota:IS0 mine kinase in hepatocytes (26) may involve either the direct
and/or indirect activation of MBPK-1 and/or MBPK-2. By
i
analogy to other insulin-regulated protein kinases (1-6),
MBPK-1 and MBPK-2 may be activated directly by phosphorylation. Indirect activation of MBPK-1 and MBPK-2
may result from the inactivation of PP2A. It is pertinent in
this regard that theevidence indicates that PP2A is a specific
protamine kinase-inactivating phosphatase (33). In addition,
we have recently shown that phosphorylation of the catalytic
subunit of PP2A2 on threonines by a distinct autophosphorylation-activated protein kinase inactivated this phosphatase
with the protamine kinase as substrate (42, 46). However,
whether this PP2A phosphorylation occurs in cells
in response
to insulin has not yet been determined.
The results indicate that MBPK-1 and MBPK-2 may modCPK
MBPK
ify the same serine(s) on the protamine kinase. This possibility is indicated by the observations that before or after incubation with PP2A the protamine kinase was phosphorylated
and activated to a similar extent whether MBPK-1, MBPK1 2 3 4 5 6 7 6 9 1 0
2, or a combination of these enzymes was included in the
FIG. 7. MBPK-1 and MBPK-2 phosphorylate and activate
incubations.
The reason the extent of the MBPK-1- and
protamine kinase. In panel A, 5 pg of protamine kinase ( C P K )was
incubated in 50 mM Tris-chloride, pH 7.0, buffer containing 10% MBPK-2-mediated phosphorylation and activation of the
glycerol, 1 mM benzamidine, 0.1 mM phenylmethylsulfonyl fluoride, protamine kinase correlated inversely withthe specific activand 14 mM 8-mercaptoethanol in theabsence and presence of PP2A ity of the protamine kinase preparations maybe due to
(50 units/ml) as indicated in a final volume of 25 pl. After 10 min at differences in the phosphorylation state of the protamine
30 "C, a solution that had been incubated for 60 min at 30 "C and kinase preparations. It appears unlikely that thisvariation is
was made up of 5-pl aliquots of 40 p~ microcystin-LR, 20 mM MgCl2,
2 mM ATP, 50 mM Tris-chloride, pH 7.0, buffer containing 10% due to different degrees of contamination with a protamine
glycerol, 1 mM benzamidine, 0.1 mM phenylmethylsulfonyl fluoride, kinase kinase present in the protamine kinase preparations
and 14 mM 8-mercaptoethanol, and MBPK-1 (0.05 pg) or MBPK-2 because none of the protamine kinase preparations underwent
(0.05 pg) or an equivalent volume of buffer was added as indicated. autophosphorylation or activation (this study and Ref. 23).
After 30 min at 30 "C, protamine kinase activity was determined as In addition, other than theprotamine kinase, there was little,
described under "Experimental Procedures." In panel B, parallel
incubations (lanes 1-10) were performed as described above except if any, other phosphorylation detected following incubation
that [y3'P]ATP(10,000 cpm/pmol) was added immediately after the with MBPK-1 and MBPK-2 (Fig. 7 B ) . In this regard, it is
incubations containing protamine kinase and MBPK-1 or MBPK-2 pertinent that unlike MBPK-1 and MBPK-2 (Fig. 6), none
weremixed. Reactions were terminated with sample buffer (41), of the protamine kinase preparations reacted with the MAP
heated for 5 min at 100 "C, and subjected to SDS-PAGE. The gel was kinase antibody. In addition, MBPK-1, MBPK-2, and the
stained with Coomassie Blue, washed extensively, and then exposed protamine kinase did not react with antibodies that recognize
to x-ray film. The arrows denote the positions of the protamine kinase
the insulin- and mitogen-activated protein S6 kinases of
(CPK),MBPK-1, and MBPK-2.
apparent M,= 70,000 and 90,000 (not shown). These obserthe protamine kinase. Consistent with previous observations vations are consistent with earlier studies which differentiated
(23), the protamine kinase preparations underwent little or the protamine kinase from these as well as other protein
kinases (23,26).Because MBPK-1 and MBPK-2 partially
no autophosphorylation (e.g. Fig. 7).
reactivated
the PP2A-inactivated protamine kinase (Fig. 7),
Incubation with PP2A2 inactivated the protamine kinase
regulated by multisite
before (33) or after activation with MBPK-1 and MBPK-2 the protamine kinase maywellbe
(not shown). After incubation with PP2A2, MBPK-1 and/or phosphorylation and, otherthan MBPK-1 and MBPK-2,
MBPK-2 reactivated the protamine kinase by about 30% (Fig. distinct protamine kinase-activating kinases may exist.
7). Under these conditions up to 0.5 mol ofphosphoryl groups
The objectives of this study were to purify MAP kinase
was incorporated per mol of the protamine kinase. Phospho- from bovine kidneycortex in order to examine the regulation
amino acid analysis indicated that MBPK-1 and MBPK-2 of the protamine kinase. However, the properties of MBPKphosphorylated the protamine kinase on serines (not shown). 1and MBPK-2 indicate that these enzymes are different from
The rates of activation, reactivation, and phosphorylation of the MAP kinases described to date. Thus, in contrast to
the protamine kinase dependedon the concentrations of recombinant (46-48) and immunoaffinity purified MAP
MBPK-1 and MBPK-2 andthe time of incubation (not
kinases (49), the purified preparations of MBPK-1 and
shown). Maximal activation, reactivation, and phosphorylation of the protamine kinase were observed when the prota- MBPK-2 underwent 50-100-fold higher autophosphorylation
mine kinase was incubated for 30 min at 30 "Cin the presence on threonines and no autophosphorylation on tyrosines was
detected (Figs. 3 and 4). Autophosphorylation wasaccomof 0.05-0.5 pg of MBPK-1 and/or MBPK-2.
panied by activation of MBPK-2 (Fig. 323) but, by contrast
DISCUSSION
to MAP kinase also (46-48), it had little or no effect on the
In thispaper we have described the purification to apparent activity of MBPK-1 (Fig. 3A). Moreover, whereas PPZAZ, a
homogeneity of two formsof MBP kinase designated MBPK- protein serine/threonine phosphatase reversed the autophos-
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MBP Kinases That Phosphorylate and Activate
Protamine
Kinase

phorylation of MBPK-1 and the autophosphorylation and
activation of MBPK-2, the PTPasesCD45 and T-cell PTPase
that inactivated MAP kinase (18, 50) were without effect on
MBPK-1 and MBPK-2 before or after autophosphorylation
(Fig. 5 ) . In addition, MBPK-1 and MBPK-2 did not react
with anti-phosphotyrosine antibodies before or after autophosphorylation (not shown). The purified preparations of
MBPK-1 and MBPK-2 also exhibited substrate specificities
that were different from the MAP kinases described to date
( 7 , 8, 10, 35). Thus, relative toMBP,MBPK-1 exhibited
about 87,30, and 100%activity with histone HI, histone H2A,
and histone H2B, respectively, and MBPK-2 exhibited about
24, 87, and 100% activity with histone H1, histone H2A, and
histone H2B, respectively. However, because MBPK-1 and
MBPK-2 displayed a positive reaction (Fig. 6) with a monoclonal antibody that recognizes the MAP kinases termed
ERK-1andERK-2
(11, 12),and because MBPK-1and
MBPK-2 exhibited chromatographic properties similar to
those described previously for MAP kinases ( 7 , 8, 10, 35) on
phenyl-Sepharose, Q-Sepharose, DEAE-cellulose, Cm-Sepharose, and Sephacryl S-200 (Table I and Fig. 2), and asimilar
apparent M , by SDS-PAGE (Fig. 2), itis possible that MBPK1 and MBPK-2 are new members of the MAP kinase family.
Whether MBPK-1 and/or MBPK-2 can
be activated by phosphorylation on tyrosines andthreonines by MAP kinase
kinase (16-18) or by otherprotein kinases remains to be
determined. In this regard, earlier studies showed that p561ck,
a src family tyrosine-specific protein kinase, phosphorylated
and activated a MAP kinase from sea star (51). However, our
attempts tophosphorylate MBPK-1 and MBPK-2with p561ck
failed (not shown).
Three observations argue against the possibility that a
contaminating kinase catalyzed the autophosphorylation of
the purified preparations of MBPK-1 and MBPK-2. First,
the enzymes employed to examine autophosphorylation were
from the last step of the purification and were extensively
purified. Indeed, assuming 50% recovery up tothe first
phenyl-Sepharose (step 4, Table I) and that MBPK-1 and
MBPK-2 each contributed about 50% of the activity at this
step, the extentof the purification of MBPK-1 andMBPK-2
from the extracts was about 41,500- and 150,000-fold,respectively. Second, MBPK-1 and MBPK-2did not phosphorylate
nor activate each other. Third, after immunoprecipitation of
the purified preparations, MBPK-1 and MBPK-2underwent
an autophosphorylation reaction which was similar in extent
and rate to that shown for the purified enzymes in Fig. 3. In
addition, furtherchromatography of the purified preparations
on phosphocellulose, Affi-Gel blue gel, S-Sepharose, and
ADP-Sepharose did not increase the specific activities of
MBPK-1 and MBPK-2 and did not alter the autophosphorylation of these enzymes (not shown). The studies described
in this paper provide the basis for further characterization of
MBPK-1 and MBPK-2. The differences noted in the chromatographic, catalytic, and regulatory properties of these
enzymes suggest that they may well be isozymes.
Acknowledgments-We are grateful to Dr. Edmond H. Fischer for
CD45 and T-cell PTPase and Dr. Nicholas Tonks also for a preparation of T-cell PTPase. We thank Drs. David Claybrook and Yoshi
Ishikawa for advice on phosphoamino acid analysis.

REFERENCES
1. Pelech, S. L., and San hera J S (1992) Trends Biochem. Sci. 17,233-238
2. Thomas, G. (1992) Ce8 68,'1-4 '

3. Sturgill, T. W., and Wu, J. (1991) Biochim. Biophys. Acta 1092,350-357
4. Cobb, M. H., Boulton, T. G., and Robbins, D. J. (1991) Cell Regul. 2 , 965978
5. Blenis, J. (1991) Cancer Cells 3 , 445-449
6. Pelech, S. L., Sanghera, J. S., and Daya-Makin, M. (1990) Biochem. Cell
Biol. 68, 1297-1330
7. Ray, L. B., and Sturgill, T. W. (1988) J. Biol. Chem. 2 6 3 , 12721-12727
8. Boulton, T. G., Gregory, J. S., and Cobb, M. H. (1991) Biochemistry 30,
278-286
9. Sanghera, J. S., Paddon, H. B., and Pelech, S. L. (1991) J. Biol. Chem.
266,6700-6707
10. Barrett, C. B., Erikson, E., and Maller, J. (1991) J. Biol. Chem. 267,4408-

.

A d""
15

11. Boulton, T. G., Yancopoulos, G. D., Gregory, J. S., Slaughter, C., Moomaw,

12.
13.
14.
15.
16.
17.
18.

C., Hsu, J., andCobh, M. H. (1990) Science 249,64-67
Boulton, T. G., Nye, S. H., Robbins, D. J., Ip, N.Y., Radziejewska, E.,
Morgenbesser, S. D., DePinho, R. A,, Panayotatos, N., Cobb, M. H., and
Yancopoulos, G. D. (1991) Cell 65,663-675
Ray, L. B., and Sturgill, T. W. (1987) Proc. Natl. Acad. Sei. U. S. A. 8 4 ,
1502-1506
Sanghera, J. S., McNabb, C. K., Tonks, N., and Pelech, S. L. (1991)
Biochim. Bioph s Acta 1095,153-160
Adams, P. D., andlParker, P. J. (1991) FEBS Lett. 290, 77-82
Gomez, N., and Cohen, P. (1991) Nature 353,170-173
Matsuda, S., Kosako, H., Takenaka, K., Moriyama, K., Sakai, H., Akiyama,
T., Gotoh, Y., and Nishida, E. (1992) EMBO J. 11,973-982
Seger, R., Ahn, N. G., Posada, J., Munar, E. S., Jensen, A. M., Cooper, J.
A., Cobb, M. H., and Krebs, E. G. (1992) J. Biol. Chem. 267, 1437314381

19. Kyrjakis, J. M., App, H., Zheng, X.-F., Banerjee, P., Brautigan, D. L., Rapp,
U. R., and Avruch, J. (1992) Nature 358,417-421
20. Dent, P., Haser, W., Haystead, T. A. J., Vincent, L. A,, Roberts, T. M., and
Sturgill, T. W. (1992) Science 257,1404-1407
21. Sturpill. T. W.. Rav. L. B.. Erickson. E.. and Maller. J. L. (1988)
.
, Nature
334,'715-7i8
22. Stokoe, D., Campbell, D.G., Nakielny, S., Hidaka, H., Leevers, S. J.,
Marshall, C., and Cohen, P. (1992) EMBO J . 11,3985-3994
23. Damuni, Z., Amick, G. D., and Sneed, T. R. (1989) J. Bcol. Chem. 264,
I

,

"

f i A l 9 - f"
i A l"
fi
"_I

24. Amick, G. D., and Damuni, Z. (1992) Biochem. Biophys. Res. Commun.
183,431-437
25. Reddy, S. A. G., Amick, G. D., and Damuni, Z. (1992) FASEB J. 6,225
26. Reddy, S. A. G., Amick, G. D., Cooper, R. H., and Damuni, Z. (1990) J.
Biol. Chem. 2 6 5 , 7748-1752
27. Morley, S. J., and Traugh, J. A. (1990) J. Biol. Chem. 265,10611-10616
28. Manzella, J. M., Rychlik, W., Rhoads, R. E., Hershey, J. W. B., and
Blackshear, P. J. (1991) J. Biol. Chem. 266,2383-2389
29. Erikson, R. L. (1991) J. Biol. Chem. 266,6007-6010
30. Denton, R. M. (1986) Adv. Cyclic Nucleotide Protein Phosphorylation Res.
20,293-341
31. Leader, P. D. (1980) in Recently Discovered Systems of Enzyme Regulation
(Cohen, P. ed.) pp. 203-233, Elsevier Science Publishers B. V., Amsterdam
32. Damuni, Z. (1990) Biochem. Biophys. Res. Commun. 166,449-456
33. Amlck, G. D., Reddy, S. A. G., and Damuni, Z. (1992) Biochem. J. 287,
1019-1022
34. Ahn, N. G., Weiel, J. E., Chan, C. P., and Krebs, E. G. (1990) J. Biol. Chem.
265, 11487-11494
35. Sanghera, J. S., Paddon, H. B., Bader, S. A,, and Pelech, S. L. (1990) J.
Biol. Chem. 265,52-57
36. Ballou, L. M., Siegmann, M., and Thomas, G. (1988) Proc. Natl. Acad. Sci.
U. S. A. 8 5 , 7154-7158
37. Erikson, E., and Maller, J. L. (1986) J.Biol. Chem. 261, 350-355
38. Deibler, G. E., Boyd, L. F., and Kies, M.W. (1984) Prog. Clin. Biol. Res.
1 4 6 , 249-256
39. Tonks, N. K., Diltz, C. D., and Fischer, E. H. (1990) J. Biol. Chem. 2 6 5 ,
1_".
~ G ~ A~
nfinn
- "I" " 40. Cool, D. E., Tonks, N. K., Charbonneau, H., Fischer, E. H., and Krebs, E.
G. (1990) Proc. Natl. Acad. Sci. U. S. A. 87, 7280-7284
41. Laemmli, U. K. (1970) Nature 227,680-685
42. Guo. H.. and Damunl, Z. (1993) Proc. Natl. Acad. Sci. U. S. A. 90, 25002504
43. Bradford, M. M. (1976) Anal. Biochem. 72,248-254
44. Merril, C. R., Goldman, D., Sedman, S. A,, and Ebert,M. M. (1981) Science
2 1 1 , 1437-1438
45. Guo, H., Reddy, S. A. G., and Damuni,Z. (1993) J.Biol. Chem. 268,11193-

-

1 1 1 w
"L"-

46. Se er, R , Ahn, N., Boulton, T. G., Yancopoulos, G. D., Panayotatos, N.,
kadzieewska, E., Ericsson, L., Bratlien R. L., Cobb, M. H., and Krebs,
E. G., (1991) Proc. Natl. Acad. Sei. U. S ( A . 88,6142-6146
47. Wu, J., ,Rossomando, A. J., Her, J.-H., Del Vecchio, R., Weber, M., and
Sturgdl W. (1991) Proc. Natl. Acad. Sci. U. S. A. 88,9508-9512
48. Crews, C. 'M., Alessandrini, A,, and Erikson, R. L. (1991) Proc. Natl. Acad.
Sci. U. S. A. 88,8845-8849
49. Scimeca, J.-C., Ballotti,R., Nguyen, T. T., Filloux. C., and Van Obberghen,
E. (1991) Biochemistry 30,9313-9319
50. Anderson, N.G., Maller, J. L., Tonks, N. K., and Sturgill, T. W. (1990)
Nature 343,651-653
51. Ettehadieh, E., Sanghera, J. S., Pelech, S. L., Hess-Bienz, D., Watts, J.,
Shastri, N., Aebersold, R. (1992) Science 255,853-855

